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1
POLISHING CONTROL USING WEIGHTING
WITH DEFAULT SEQUENCE

TECHNICAL FIELD

The present disclosure relates generally to monitoring of a
substrate during chemical mechanical polishing.

BACKGROUND

An integrated circuit is typically formed on a substrate by
the sequential deposition of conductive, semiconductive, or
insulative layers on a silicon wafer. One fabrication step
involves depositing a filler layer over a non-planar surface
and planarizing the filler layer. For certain applications, the
filler layer is planarized until the top surface of a patterned
layer is exposed. A conductive filler layer, for example, can be
deposited on a patterned insulative layer to fill the trenches or
holes in the insulative layer. After planarization, the portions
of the conductive layer remaining between the raised pattern
of'the insulative layer form vias, plugs, and lines that provide
conductive paths between thin film circuits on the substrate.
For other applications, such as oxide polishing, the filler layer
is planarized until a predetermined thickness is left over the
non planar surface. In addition, planarization of the substrate
surface is usually required for photolithography.

Chemical mechanical polishing (CMP) is one accepted
method of planarization. This planarization method typically
requires that the substrate be mounted on a carrier head. The
exposed surface of the substrate is typically placed against a
rotating polishing pad with a durable roughened surface. The
carrier head provides a controllable load on the substrate to
push it against the polishing pad. A polishing liquid, such as
a slurry with abrasive particles, is typically supplied to the
surface of the polishing pad.

One problem in CMP is using an appropriate polishing rate
to achieve a desirable profile, e.g., a substrate layer that has
been planarized to a desired flatness or thickness, or a desired
amount of material has been removed. Variations in the initial
thickness of a substrate layer, the slurry composition, the
polishing pad condition, the relative speed between the pol-
ishing pad and a substrate, and the load on a substrate can
cause variations in the material removal rate across a sub-
strate, and from substrate to substrate. These variations cause
variations in the time needed to reach the polishing endpoint
and the amount removed. Therefore, determining the polish-
ing endpoint merely as a function of the polishing time may
lead to overpolishing or underpolishing, and it may not be
possible to achieve a desired profile merely by applying a
constant pressure.

In some systems, a substrate is monitored in-situ during
polishing. A variety of monitoring techniques have been used,
such as spectrographic and eddy current. However, existing
monitoring techniques may not satisfy increasing demands of
semiconductor device manufacturers.

SUMMARY

In some in-situ monitoring processes, a sequence of values
is generated from measurements from a substrate. In order to
determine the polishing endpoint, a function can be fit to the
sequence of values, and the time at which the function equals
a target value is used as the polishing endpoint. However, the
values may not reliably indicate the status of the polishing
operation. Also, generating values that reliably indicate the
status of the polishing operation may be computationally
prohibitive, e.g., if a measured spectrum is to be compared to
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2

large number of reference spectra. In order to compensate for
less reliable values from the in-situ monitoring system, the
measured sequence of values can be combined with a default
sequence of values to generate a modified sequence of values.
A function can be fit to the modified sequence of values, and
the time at which the function equals a target value can be
used as the polishing endpoint.

In one aspect, a method of controlling polishing includes
storing a sequence of default values, polishing a substrate,
monitoring the substrate during polishing with an in-situ
monitoring system, generating a sequence of measured val-
ues from measurements from the in-situ monitoring system,
combining the sequence of measured values with the
sequence of default values to generate a sequence of modified
values, fitting a function to the sequence of modified values,
and determining at least one of a polishing endpoint or an
adjustment for a polishing rate based on the function.

Implementations can include one or more of the following
features. For each measured value from the sequence of mea-
sured values there may be an associated default value from the
sequence of default values. Combining the sequence of mea-
sured values with the sequence of default values may include,
for each measured value, calculating a weighted average of
the measured value and the associated default value. A first
timestamp may be stored for each measured value from the
sequence of measured values, and a second timestamp may be
stored for each default value from the sequence of default
values. A matching default value from the sequence of default
values may be determined for each measured value, and
determining the matching default value may include deter-
mining a second timestamp that matches the first timestamp.
The first timestamp may be a measurement time, a number of
platen rotations, or an ordinal position in the sequence of
measured values. User input may be received selecting the
weighting value for the calculation of the weighted average. A
same weighting value may be used for the calculation of the
weighted average for every measured value from the
sequence of measured values. A weighting value may be
dynamically determined for the calculation of the weighted
average. Dynamically determining the weighting value may
include fitting a second function to the sequence of measured
values, determining a goodness of fit of the second function to
the sequence of measured values, and determining the
weighting value based on the goodness of fit. Monitoring the
substrate may include receiving a measured spectrum from
the in-situ monitoring system, and generating the sequence of
measured values may include finding a best matching refer-
ence spectrum from a plurality of references spectra.
Dynamically determining the weighting value may include
determining a difference between the measured spectrum and
the best matching reference spectrum, and determining the
weighting value based on the difference. A weighting value
may be calculated for each measured value. The in-situ moni-
toring may include an optical monitoring system or an eddy
current monitoring system. Polishing the substrate may
include rotating a platen, and the sequence of measured val-
ues may include one measured value per rotation of the
platen. A target value may be stored and a polishing endpoint
may be determined by calculating a time at which the function
equals the target value. A value of the function at a time TO at
which the polishing parameter is adjusted may be determined,
and determining the adjustment may include calculating a
desired polishing rate based on the value of the function.

In other aspects, polishing systems and computer-program
products tangibly embodied on a computer readable medium
are provided to carry out these methods.
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Certain implementations may have one or more of the
following advantages. Reliability of the endpoint system to
detect a desired polishing endpoint can be improved, and
within-wafer and wafer-to-wafer thickness non-uniformity
(WIWNU and WTWNU) can be reduced. For spectrographic
monitoring, a measured spectrum can be compared to fewer
reference spectra to generate the sequence of values, reducing
computational load.

The details of one or more embodiments are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from
the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic cross-sectional view of an
example of a polishing apparatus having two polishing heads.

FIG. 2 illustrates a top view of a polishing pad and shows
locations where in-situ measurements are taken on a first
substrate.

FIG. 3 illustrates a measured spectrum from the in-situ
optical monitoring system.

FIG. 4 illustrates a library of reference spectra.

FIG. 5 illustrates a measured sequence of values.

FIG. 6 illustrates a measured sequence of values and a
default sequence of values.

FIG. 7 illustrates a calculation of a desired slope for a
substrate based on a time that a function fit to a sequence of
modified values reaches a target value.

FIG. 8 illustrates a calculation of an endpoint time based on
a time that a function fit to a sequence of modified values
reaches a target value.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

FIG. 1 illustrates an example of a polishing apparatus 100
for polishing one or more substrates 10. The substrate can be,
for example, a product substrate (e.g., which includes mul-
tiple memory or processor dies), a test substrate, a bare sub-
strate, and a gating substrate. The substrate can be at various
stages of integrated circuit fabrication, e.g., the substrate can
be abare wafer, or it can include one or more deposited and/or
patterned layers. The term substrate can include circular disks
and rectangular sheets.

The polishing apparatus 100 includes a rotatable disk-
shaped platen 120 on which a polishing pad 110 is situated.
The platen is operable to rotate about an axis 125. For
example, a motor 121 can turn a drive shaft 124 to rotate the
platen 120. The polishing pad 110 can be a two-layer polish-
ing pad with an outer polishing layer 112 and a softer backing
layer 114.

The polishing apparatus 100 can include a port 130 to
dispense polishing liquid 132, such as slurry, onto the polish-
ing pad 110 to the pad. The polishing apparatus can also
include a polishing pad conditioner to abrade the polishing
pad 110 to maintain the polishing pad 110 in a consistent
abrasive state.

The polishing apparatus 100 includes at least one carrier
head 140. The carrier head 140 is operable to hold a substrate
10 against the polishing pad 110. In particular, the carrier
head 140 can include a retaining ring 142 to retain the sub-
strate 10 below a flexible membrane 144. The carrier head
140 also includes a plurality of independently controllable
pressurizable chambers defined by the membrane, e.g., three
chambers 146a-146¢, which can apply independently con-
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trollable pressurizes to associated zones on the flexible mem-
brane 144 and thus on the substrate 10. Although only three
chambers are illustrated in FIG. 1 for ease of illustration, there
could be one chamber, two chambers, or four or more cham-
bers, e.g., five chambers.

Each carrier head 140 is suspended from a support struc-
ture 150, e.g., a carousel or track, and is connected by a drive
shaft 152 to a carrier head rotation motor 154 so that the
carrier head can rotate about an axis 155. Optionally each
carrier head 140 can oscillate laterally, e.g., on sliders on the
carousel or track 150, or by rotational oscillation of the car-
ousel itself. In operation, the platen is rotated about its central
axis 125, and each carrier head is rotated about its central axis
155 and translated laterally across the top surface of the
polishing pad.

While only one carrier head 140 is shown, more carrier
heads can be provided to hold additional substrates so that the
surface area of polishing pad 110 may be used efficiently.

The polishing apparatus also includes an in-situ monitor-
ing system 160, which can be used to determine a pointing
endpoint, or to determine whether to adjust a polishing rate or
an adjustment for the polishing rate, as discussed below. The
in-situ monitoring system generates a time-varying sequence
of measured values that depend on the thickness of a layer on
the substrate.

For example, the in-situ-monitoring system 160 can be an
optical monitoring system. In particular, the in-situ-monitor-
ing system 160 can be an optical monitoring system that
measures a sequence of spectra of light reflected from a
substrate during polishing and generates a sequence of mea-
sured values based on the sequence of spectra. One monitor-
ing technique is, for each measured spectrum, to identify a
best matching reference spectrum from a library of reference
spectra. Each reference spectrum in the library can have an
associated characterizing value, e.g., a thickness value or an
index value indicating the time or number of platen rotations
at which the reference spectrum is expected to occur. By
determining the associated characterizing value for each best
matching reference spectrum, a time-varying sequence of
measured characterizing values can be generated. This tech-
nique is described in U.S. Patent Publication No. 2010-
0217430, which is incorporated by reference. Another moni-
toring technique is to track a characteristic of a spectral
feature from the measured spectra, e.g., a wavelength or
width of a peak or valley in the measured spectra. The wave-
length or width values of the feature from the measured
spectra provide the time-varying sequence of measured
wavelength or width values. This technique is described in
U.S. Patent Publication No. 2011-0256805, which is incor-
porated by reference. Another monitoring technique is to fit
an optical model to each measured spectrum from the
sequence of measured spectra. In particular, a parameter of
the optical model is optimized to provide the best fit of the
model to the measured spectrum. The parameter value gen-
erated for each measured spectrum generates a time-varying
sequence of measured parameter values. This technique is
described in U.S. Patent Application No. 61/608,284, filed
Mar. 8, 2012, which is incorporated by reference. Another
monitoring technique is to perform a Fourier transform of
each measured spectrum to generate a sequence of trans-
formed spectra. A position of one of the peaks from the
transformed spectrum is measured. The position value gen-
erated for each measured spectrum generates a time-varying
sequence of measured position values. This technique is
described in U.S. patent application Ser. No. 13/454,002,
filed Apr. 23, 2012, which is incorporated by reference.
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Other examples of the in-situ-monitoring system 160
include eddy current monitoring systems, capacitive mea-
surement systems, and slurry chemistry monitoring systems.
For example, in the case of an eddy current monitoring sys-
tem, the signal strength from the eddy current monitoring
system can be sampled. The signal strength generated for
each sampling time generates a time-varying sequence of
measured eddy current signal strength values. Eddy current
monitoring systems are described in U.S. Pat. No. 6,924,641
and U.S. Pat. No. 7,112,960, each of which is incorporated by
reference.

In some implementations, the in-situ monitoring system
160 includes a probe 161 that is supported by and rotates with
the platen 120. In this case, the motion of the platen will cause
the probe 161 to scan across each substrate. As shown in FIG.
2, due to the rotation of the platen (shown by arrow 204), as
the probe 161 travels below the first carrier head 140, the
in-situ monitoring system 160 can make measurements at
positions 201 below the substrate 10. This permits the in-situ
monitoring system 160 to generate a signal with a value that
depends on the thickness of the layer of the substrate 10.

The measurements can be converted by the-situ monitoring
system 160 into a sequence of values. For example, for a
rotating platen, one value can be added to the sequence per
rotation of the platen. It is possible for multiple measurements
to be obtained by the in-situ monitoring system 160 as the
probe 161 passes below the substrate 10, in which case one of
the obtained raw measurements can be selected, or multiple
raw measurements can be combined, e.g., averaged, in deter-
mining the value.

In the case of an optical monitoring system, an optical
access 118 through the polishing pad can be provided by
including an aperture (i.e., a hole that runs through the pad) or
a solid window. The solid window can be secured to the
polishing pad 110, e.g., as a plug that fills an aperture in the
polishing pad, e.g., is molded to or adhesively secured to the
polishing pad, although in some implementations the solid
window can be supported on the platen 120 and project into
an aperture in the polishing pad.

The optical monitoring system 160 can include a light
source 162, a light detector 164, and circuitry 166 for sending
and receiving signals between a remote controller 190, e.g., a
computer, and the light source 162 and light detector 164.
One or more optical fibers can be used to transmit the light
from the light source 162 to the optical access in the polishing
pad, and to transmit light reflected from the substrate 10 to the
detector 164. For example, a bifurcated optical fiber 170 can
be used to transmit the light from the light source 162 to the
substrate 10 and back to the detector 164. The bifurcated
optical fiber an include a trunk 172 positioned in proximity to
the optical access, and two branches 174 and 176 connected
to the light source 162 and detector 164, respectively. The end
of'the trunk provides the probe 161 of the optical monitoring
system 160.

In some implementations, the top surface of the platen can
include a recess 128 into which is fit an optical head 168 that
holds one end of the trunk 172 of the bifurcated fiber. The
optical head 168 can include a mechanism to adjust the ver-
tical distance between the top of the trunk 172 and the solid
window 118.

The output of the circuitry 166 can be a digital electronic
signal that passes through a rotary coupler 129, e.g., a slip
ring, in the drive shaft 124 to the controller 190 for the optical
monitoring system. Similarly, the light source can be turned
onor offin response to control commands in digital electronic
signals that pass from the controller 190 through the rotary
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6

coupler 129 to the optical monitoring system 160. Alterna-
tively, the circuitry 166 could communicate with the control-
ler 190 by a wireless signal.

Inthe case of a spectrographic monitoring system, the light
source 162 can be operable to emit visible light and/or near-
infrared (NIR) light. In some implementations, the visible
light emitted includes light having wavelengths of 200 to 800
nm. In some implementations, the NIR light emitted includes
light having wavelengths of 0.9 to 1.7 um.

The light detector 164 can be a spectrometer. A spectrom-
eter is an optical instrument for measuring intensity of light
over a portion of the electromagnetic spectrum. A suitable
spectrometer is a grating spectrometer. Typical output for a
spectrometer is the intensity of the light as a function of
wavelength (or frequency). FIG. 3 illustrates an example of a
measured spectrum 300 with intensity as a function of wave-
length.

As noted above, the light source 162 and light detector 164
can be connected to a computing device, e.g., the controller
190, operable to control their operation and receive their
signals. The computing device can include a microprocessor
situated near the polishing apparatus, e.g., a programmable
computer. With respect to control, the computing device can,
for example, synchronize activation of the light source with
the rotation of the platen 120.

Due to the rotation of the platen, the optical monitoring
system 160 can measure raw spectra at multiple positions 201
below the substrate 10. To provide one measured spectrum
per rotation, one of the raw spectra can be selected, or mul-
tiple raw spectra can be combined, e.g., averaged, to deter-
mine the measured spectrum.

Where multi-zone control is desired, for any given rotation
of the platen, based on timing, motor encoder and/or platen
position sensor information, the controller 190 can determine
a radial position on the substrate where the measurement is
made. Over multiple rotations of the platen, for each radial
zone on the substrate, a sequence of values can be obtained
over time.

Still referring to the case of a spectrographic monitoring
system, referring to FIGS. 3 and 4, during polishing, a mea-
sured spectrum 300 (see F1G. 3) can be compared to reference
spectra 320 from one or more libraries 310 of reference spec-
tra (see FIG. 4).

Reference spectra 320 fora library 310 can be generated by
polishing a “set-up” substrate, and collecting spectra as dis-
cussed above. The spectra from the set-up substrate can pro-
vide the library. Alternatively, the reference spectra can be
generated from an optical model.

In some implementations, each reference spectrum 320 is
assigned an index value 330. In general, the library 310 can
include many reference spectra 320, e.g., one or more, e.g.,
exactly one, reference spectra for each platen rotation over the
expected polishing time of the substrate. This index 330 can
be the value, e.g., a number, representing the time in the
polishing process at which the reference spectrum 320 is
expected to be observed. The spectra can be indexed so that
each spectrum in a particular library has a unique index value.
The indexing can be implemented so that the index values are
sequenced in an order in which the spectra were measured. An
index value can be selected to change monotonically, e.g.,
increase or decrease, as polishing progresses. In particular,
the index values of the reference spectra can be selected so
that they form a linear function of time or number of platen
rotations (assuming that the polishing rate follows that of the
model or test substrate used to generate the reference spectra
in the library). For example, the index value can be propor-
tional, e.g., equal, to a number of platen rotations at which the



US 9,296,084 B2

7

reference spectra was measured for the test substrate or would
appear in the optical model. Thus, each index value can be a
whole number. The index number can represent the expected
platen rotation at which the associated spectrum would
appear.

The reference spectra and their associated index values can
be stored in a reference library. For example, each reference
spectrum 320 and its associated index value 330 can be stored
in arecord 340 of database 350. The database 350 of reference
libraries of reference spectra can be implemented in memory
of the computing device of the polishing apparatus.

Alternatively, each reference spectrum 320 can be assigned
a thickness value rather than an index value 330. In addition,
there can be multiple libraries, and the measured spectrum
can be compared to the reference spectra from one or more of
the libraries.

Referring to FIG. 5, which illustrates the results for only a
single substrate, a time-varying sequence 210 of measured
values 212 is illustrated. This sequence of measured values
can be termed a trace. In general, for a polishing system with
a rotating platen, the trace 210 can include one, e.g., exactly
one, measured value per sweep of the sensor below the sub-
strate. If multiple zones on a substrate are being monitored,
then there can be one measured value per sweep. As noted
above, multiple measurements below the substrate can be
combined to generate a single measured value that is used for
control of the endpoint and/or pressure. However, it is also
possible for more than one measured value to be generated
per sweep of the sensor 162, e.g., if multiple sensors are
installed in the platen.

In some implementations, a function, e.g., a polynomial
function of known order, e.g., a line, can be fit to the sequence
210 of measured values 212, e.g., using robust line fitting. For
example, a line 214 can be fit to the measured values 212 for
the substrate. Fitting of a line to the sequence of values can
include calculation of the slope S of the line and an x-axis
intersection time T at which the line crosses a starting value,
e.g., 0.

Referring to FIG. 6, the controller 190 stores a sequence
220 of default values 222. The sequence 220 can have the
same sampling frequency as the sequence 210 of measured
values 212. Thus for each measured value 212, there is an
associated default value 222, e.g., a one-to-one association.

Each measured value 212 can have an associated time
stamp, e.g., an actual time of measurement, an ordinal posi-
tion in the sequence, or a number of platen rotations at which
the measured value was generated. Each default value 222
also has an associated time stamp. The default value 222
having an associated time stamp that matches the time stamp
of the measured value 212 provides the associated default
value.

The default values 222 can be received from a process
control module. For example, the default values can be cal-
culated under an assumption of a previously measured (i.e.,
before polishing of the present substrate) polishing rate or a
default polishing rate. The default values can be calculated
based on in-line measurement of the pre-polish thickness of
the substrate.

The sequence 210 of measured values 212 is combined
with the sequence 220 of default values 222 to generate a
sequence 230 of modified values 232. A modified value 232
can be calculated for each measured value 212, so that there is
an associated modified value 232, e.g., a one-to-one associa-
tion, with each measured value 212. Each modified value 232
can be a weighted average of a measured value 212 and the
associated default value 222. For example, for the value in the
sequence 230, the modified value V; can be calculated as
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VWMV (1-Wp*DVy M

where MV, is the measured value 212 in the sequence 210,
DV, is the default value 222 in the sequence 220, and W, is a
weighting value.

In some implementations, the same weighting value is used
for the computation of all the modified values 232. Thus, the
modified value V; can be calculated as

Vi=W*MV+(1-W)*DV,, 2)

For this example, if W is equal to 0, then the data from
in-situ monitoring system is not used and the polishing end-
point is controlled by the default values. On the other hand, if
W is equal to 1, then the default values are not used and the
polishing endpoint is controlled by the in-situ monitoring
system. Typically however, the weighting value W will be
greater than 0 and less than 1.

In some implementations, the weighting value is set by
input from the semiconductor manufacturer. The semicon-
ductor manufacturer can set the weighting value based on
particular substrate patterns and polishing conditions.

In some implementations, the weighting value is set
dynamically by the controller 190. For example, a goodness
of fit of the function 214 to the measured values 212 can be
calculated. The better the goodness of fit, the greater the
weight given to the measured values 212. On the other hand,
the worse the goodness of fit, the greater the weight given to
the default values 222. Thus, for the example of the equation
2, better the goodness of fit, the closer W will be to 0. An
advantage of this approach is that where the monitoring sys-
tem is operating properly, the endpoint will be determined
based on the data from the monitoring system, whereas if the
data from the monitoring system is not reliable, then the
system will tend to polish for a default time.

As another example, where the measured value is gener-
ated by finding a best matching reference spectrum from a
plurality of reference spectra, a difference can be calculated
for each measured spectrum and the best matching reference
spectrum. The difference can be calculated using sum of
squared differences or sum of absolute differences over the
spectrum. The differences can be accumulated, e.g., a running
average of differences can be calculated. The lower the cumu-
lative difference, the greater the weight given to the measured
values 212. On the other hand, the greater the cumulative
difference, the greater the weight given to the default values
222. Thus, for the example of the equation 2, the lower the
cumulative difference, the closer W will be to 0.

In some implementations, a weighting value W, weighting
value can be calculated for each measured value.

For example, where the measured value is generated by
finding a best matching reference spectrum from a plurality of
reference spectra, a difference can be calculated between the
measured spectrum and the best matching reference spec-
trum. The difference can be calculated using sum of squared
differences or sum of absolute differences over the spectrum.
The difference is then used to set the weighting value W, for
the calculation of the associated modified value V. The lower
the difference, the greater the weight given to the measured
value 212. On the other hand, the greater the difference, the
greater the weight given to the default value 222. Thus, forthe
example of the equation 1, the lower the difference, the closer
W, will be to 0. An advantage of this approach is that indi-
vidual measured spectra that are not reliable have less effect
on the overall endpoint and control process.

A function, e.g., a polynomial function of known order,
e.g.,aline, can be fitto the sequence 0230 of modified values
232, e.g., using robust line fitting. For example, a line 234 can
be fit to the modified values 232. Fitting of a line to the



US 9,296,084 B2

9

sequence of modified values can include calculation of the
slope S1 of the line and an x-axis intersection time T1 at
which the line crosses a starting value, e.g., O.

Referring to FIG. 7, in some implementations, at some
point during the polishing process, e.g., at a time TO, a pol-
ishing parameter is adjusted based on the function 234. For
example, the polishing rate can be adjusted so that at an
expected endpoint time TE the value is closer to a target value
TV. The expected endpoint time TE could be calculated from
a function 244 fit to modified values 242 from another zone or
another substrate, or could be the expected endpoint time TE
of'the sequence of default values 222. The expected endpoint
time TE can be calculated as a simple linear interpolation of
the line 244 to the target value TV, e.g., TV=S2-(TE-T2)
where S2 is the slope of line 244 and T2 is the x-axis inter-
section time at which the line 244 crosses the starting value,
e.g., 0.

A desired slope SD can be calculated from (V-1)=SD*
(TE-TO), where 1 is the value (calculated from the linear
function fit to the sequence of modified values) at time TO
polishing parameter is to be changed, TV is the target value,
and TE is the calculated expected endpoint time.

The polishing rate is adjusted to bring the slope of the trace
closer to the desired slope. The polishing rates can be adjusted
by, for example, increasing or decreasing the pressure in a
corresponding chamber of a carrier head. The change in pol-
ishing rate can be assumed to be directly proportional to the
change in pressure, e.g., a simple Prestonian model. For
example, for each substrate, where the substrate was polished
with a pressure Pold prior to the time TO, a new pressure Pnew
to apply after time TO can be calculated as Pnew=Pold*(SD/
S), where S is the slope of the line prior to time T0 and SD is
the desired slope.

Referring to FIG. 8, in some implementations, the
sequence of modified values 232 can be used to determine a
polishing endpoint. In particular, endpoint can be detected as
the time T2 at which the function 234 fit to the sequence 230
of modified values 232 equals a target value TV. If a polishing
parameter is adjusted during the polishing operation, then the
portion of the function 234 can be fit to the portion of the
sequence 230 after the parameter was adjusted.

It is possible to generate a sequence of modified values for
different zones of the substrate, and use the sequences from
different zones to adjust the pressure applied in the chambers
of the carrier head to provide more uniform polishing, e.g.,
using techniques described in U.S. application Ser. No.
13/096,777, incorporated herein by reference (in general, the
modified value can be substituted for the index value to use
similar techniques). In some implementations, the sequence
of modified values is used to adjust the polishing rate of one
or more zones of a substrate, but another in-situ monitoring
system or technique is used to detect the polishing endpoint.

Alternatively, rather than store a sequence of default val-
ues, the controller 190 stores a default function, e.g., a default
linear function. A fitted function, e.g., a linear function, is fit
to the sequence of measured values. The fitted function is
combined with the default function to generate a modified
function. The modified function can then be used to in place
of function 234.

In some implementations, if the function is a linear func-
tion, then a modified slope can be calculated as a weighted
average of the slope of the default linear function and the
slope of the fitted function, and a modified x-axis intersection
time can calculated as a weighted average of the x-axis inter-
section time of the default linear function and the x-axis
intersection time of the fitted function. For example, an
expected endpoint time TE can be calculated from the equa-
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tion TV=(W*S1+(1-W)S3)-(TE-(W*T1+(1-W)*T3)),
where S1 is the slope of the fitted function, S3 is the slope of
the default function, T1 is the x-axis intersection time at
which the fitted line crosses a starting value, e.g., 0, T3 is the
x-axis intersection time at which the default line crosses the
starting value, and W is a weighting value. The weighting
value W can be determined using one of the techniques dis-
cussed above.

The controller 190 can include a central processing unit
(CPU) 192, a memory 194, and support circuits 196, e.g.,
input/output circuitry, power supplies, clock circuits, cache,
and the like. In addition to receiving signals from the optical
monitoring system 160 (and any other endpoint detection
system 180), the controller 190 can be connected to the pol-
ishing apparatus 100 to control the polishing parameters, e.g.,
the various rotational rates of the platen(s) and carrier head(s)
and pressure(s) applied by the carrier head. The memory is
connected to the CPU 192. The memory, or computable read-
able medium, can be one ore more readily available memory
such as random access memory (RAM), read only memory
(ROM), floppy disk, hard disk, or other form of digital stor-
age. In addition, although illustrated as a single computer, the
controller 190 could be a distributed system, e.g., including
multiple independently operating processors and memories.

Embodiments of the invention and all of the functional
operations described in this specification can be implemented
in digital electronic circuitry, or in computer software, firm-
ware, or hardware, including the structural means disclosed
in this specification and structural equivalents thereof, or in
combinations of them. Embodiments of the invention can be
implemented as one or more computer program products, i.e.,
one or more computer programs tangibly embodied in a
machine-readable storage media, for execution by, or to con-
trol the operation of, data processing apparatus, e.g., a pro-
grammable processor, a computer, or multiple processors or
computers. A computer program (also known as a program,
software, software application, or code) can be written in any
form of programming language, including compiled or inter-
preted languages, and it can be deployed in any form, includ-
ing as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use in a computing
environment. A computer program does not necessarily cor-
respond to a file. A program can be stored in a portion of a file
that holds other programs or data, in a single file dedicated to
the program in question, or in multiple coordinated files (e.g.,
files that store one or more modules, sub-programs, or por-
tions of code). A computer program can be deployed to be
executed on one computer or on multiple computers at one
site or distributed across multiple sites and interconnected by
a communication network.

The processes and logic flows described in this specifica-
tion can be performed by one or more programmable proces-
sors executing one or more computer programs to perform
functions by operating on input data and generating output.
The processes and logic flows can also be performed by, and
apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an
ASIC (application-specific integrated circuit).

The above described polishing apparatus and methods can
be applied in a variety of polishing systems. Either the pol-
ishing pad, or the carrier heads, or both can move to provide
relative motion between the polishing surface and the sub-
strate. For example, the platen may orbit rather than rotate.
The polishing pad can be a circular (or some other shape) pad
secured to the platen. Some aspects of the endpoint detection
system may be applicable to linear polishing systems, e.g.,
where the polishing pad is a continuous or a reel-to-reel belt



US 9,296,084 B2

11

that moves linearly. The polishing layer can be a standard (for
example, polyurethane with or without fillers) polishing
material, a soft material, or a fixed-abrasive material. Terms
of relative positioning are used; it should be understood that
the polishing surface and substrate can be held in a vertical
orientation or some other orientation.

Particular embodiments of the invention have been
described. Other embodiments are within the scope of the
following claims.

What is claimed is:

1. A method of controlling polishing, comprising:

storing a sequence of default values;

polishing a substrate;

monitoring the substrate during polishing with an in-situ

monitoring system;

generating a sequence of measured values from measure-

ments from the in-situ monitoring system;

combining the sequence of measured values with the

sequence of default values to generate a sequence of
modified values;

fitting a function to the sequence of modified values; and

determining at least one of a polishing endpoint or an

adjustment for a polishing rate based on the function.

2. The method of claim 1, wherein for each measured value
from the sequence of measured values there is an associated
default value from the sequence of default values.

3. The method of claim 2, wherein combining the sequence
of measured values with the sequence of default values com-
prises for each measured value calculating a weighted aver-
age of the measured value and the associated default value.

4. The method of claim 3, comprising storing a first times-
tamp for each measured value from the sequence of measured
values, and a second timestamp for each default value from
the sequence of default values.

5. The method of claim 4, comprising determining a match-
ing default value from the sequence of default values for each
measured value, and wherein determining the matching
default value includes determining the second timestamp that
matches the first timestamp.

6. The method of claim 4, wherein the first timestamp
comprises a measurement time, a number of platen rotations,
or an ordinal position in the sequence of measured values.

7. The method of claim 3, comprising receiving user input
selecting the weighting value for the calculation of the
weighted average.
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8. The method of claim 7, wherein a same weighting value
is used for the calculation of the weighted average for every
measured value from the sequence of measured values.

9. The method of claim 3, comprising dynamically deter-
mining a weighting value for the calculation of the weighted
average.

10. The method of claim 9, wherein dynamically determin-
ing the weighting value comprises fitting a second function to
the sequence of measured values, determining a goodness of
fit of the second function to the sequence of measured values,
and determining the weighting value based on the goodness
of fit.

11. The method of claim 9, wherein monitoring the sub-
strate comprises receiving a measured spectrum from the
in-situ monitoring system, and wherein generating the
sequence of measured values comprises finding a best match-
ing reference spectrum from a plurality of reference spectra.

12. The method of claim 11, wherein dynamically deter-
mining the weighting value comprises determining a differ-
ence between the measured spectrum and the best matching
reference spectrum, and determining the weighting value
based on the difference.

13. The method of claim 9, wherein a same weighting value
is used for the calculation of the weighted average for every
measured value from the sequence of measured values.

14. The method of claim 9, comprising calculating a
weighting value for each measured value.

15. The method of claim 1, wherein the in-situ monitoring
comprises an optical monitoring system or an eddy current
monitoring system.

16. The method of claim 1, wherein polishing the substrate
comprises rotating a platen, and the sequence of measured
values comprises one measured value per rotation of the
platen.

17. The method of claim 1, comprising storing a target
value and determining a polishing endpoint by calculating a
time at which the function equals the target value.

18. The method of claim 1, comprising determining a value
of the function at a time TO at which the polishing parameter
is adjusted, and wherein determining the adjustment com-
prises calculating a desired polishing rate based on the value
of the function.



